OBJECTIVE: Fetal growth is associated with long-term health yet no appropriate standards exist for the early identification of undergrown or overgrown fetuses. We sought to develop contemporary fetal growth standards for 4 self-identified US racial/ethnic groups.
O ptimal fetal growth is recognized as a basic foundation for longterm health, while aberrations in growth may have implications for disease risk across the lifespan. While abnormal fetal growth, both restriction and overgrowth, is associated with fetal, infant, and child mortality and morbidity, 1,2 it also has implications for reproductive disorders and later-onset chronic diseases. For example, girls born small-for-gestational age, a proxy for restricted fetal growth, are reported to have earlier onset and progression of puberty, and a higher incidence of diseases during pregnancy than unaffected girls. [3] [4] [5] Other population-level data suggest a relation between diminished birth size and hypertension as well as other chronic disorders. 6, 7 These data support the early origins of health and disease research paradigms. 8 Despite the importance of adequate fetal growth for human beings, no US intrauterine standards for ultrasound-measured fetal growth exist. Unlike references that describe the gestational age distribution of birthweight for all fetuses, including growth-restricted preterm infants, [9] [10] [11] ultrasonographic standards are purposefully developed to reflect optimal growth by restricting study populations to healthy women in optimum conditions at low risk for adverse pregnancy complications and then restricting to actual uncomplicated pregnancies with fetuses free of anomalies. 12 The underlying assumption of a standard is that fetuses of low-risk pregnant women should grow to their fullest extent absent pregnancy complications associated with growth restriction or overgrowth, and that the distributions are not affected by secular trends in maternal intrinsic factors, such as obesity or advanced maternal age.
While many factors including race/ ethnicity have been reported to be associated with suboptimal fetal growth, [13] [14] [15] the absence of a fetal growth standard precludes a more complete interpretation of these findings. The need for an ultrasonographic standard is even more pressing given the changing sociodemographic and maternal clinical characteristics of US populations, including a higher percentages of births to older, non-white, and heavier mothers relative to earlier cohorts. 16, 17 In response, we designed the Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD) Fetal Growth Studies. The overarching goal of this study was to establish a standard for fetal growth and size for gestational age and to address possible differences among non-Hispanic white, non-Hispanic black, Hispanic, and Asian or Pacific Islander singleton fetuses. We also assessed the racial/ethnic patterns for estimated fetal weight (EFW) and measured birthweight.
MATERIALS AND METHODS

Study design and cohort selection
Using a prospective cohort design with longitudinal data collection, pregnant women were recruited from 12 participating US clinical sites from July 2009 through January 2013. Women underwent ultrasound screening (8w0d to 13w6d) to ensure valid gestational dating consistent with last menstrual period dating. Women were asked to selfidentify their predominant race/ethnicity as non-Hispanic white, non-Hispanic black, Hispanic, and Asian or Pacific Islander. Hereafter, we refer to these groups as white, black, Hispanic, and Asian. Eligibility criteria included: aged 18-40 years; pregravid body mass index (BMI) 19.0-29.9 kg/m 2 ; viable singleton pregnancy; and planning to deliver at participating hospitals. Exclusion criteria were extensive to ensure pregravid women's low-risk status: history of preterm, low birthweight (<2500 g), or macrosomic (>4000 g) neonate; history of stillbirth or neonatal death; medically assisted conception; cigarette smoking or illicit drug use in past 6 or 12 months, respectively; !1 daily alcoholic drinks; previous fetal congenital malformation; history of noncommunicable diseases (asthma requiring weekly medication, autoimmune disorders, cancer, diabetes Islander women with protocol completion rates of 93%, 92%, 93%, and 90%, respectively. Sample size was determined so that the 5th and 95th percentiles for each racial/ethnic group could be precisely estimated over gestation, and assuming a 10% attrition and 30% exclusion rate for women with pregnancy or neonatal complications. We estimated needing 600 women in each group to reach our estimate of 320 women; our high completion and lower than expected exclusion rate resulted in larger cohorts. Human subjects' approval was obtained from all participating sites; women gave informed consent before data collection. Education <High school 4 (1) 47 (11) 108 (22) 18 (5) High school/GED 22 (5) 122 (29) 114 (23) 40 (12) Some college/associate degree 88 (18) 153 (36) 181 (37) 67 (20) College undergraduate 203 (42) 66 (16) 67 (14) 106 ( 
Data collection
Research nurses conducted in-person interviews with the women during prenatal visits to ascertain information on lifestyle and reproductive and medical history, followed by the completion of anthropometric assessments, including after delivery, using a standardized protocol. 18, 19 Recalled pregravid weight and self-reported height were used for the calculation of pregravid BMI (kg/m 2 ), given that women were already pregnant at enrollment. Women's eligibility for their fetuses' inclusion in the standard was verified with regard to compliance with the protocol, and absence of pregnancy or neonatal complications to ensure their pregnancies resulted in delivery of a healthy live-born infant.
Sonology
One comprehensive sonology center (Columbia University) was established to oversee the finalization, implementation, and oversight of the sonology protocol. All participating sonographers underwent ante hoc training and credentialing for quality control, and their measurement techniques were subject post hoc to rigorous quality assurance. Following the baseline interview, women were randomized to 1 of 4 ultrasonography schedules. By design, this mixed longitudinal randomization scheme captured weekly fetal growth data without exposing women to weekly ultrasound examinations as follows:
Each study visit was scheduled within AE1 week of the targeted gestational age to accommodate women's availability. At each ultrasound exam, biometric measurements were performed using standard operating procedures and identical equipment (Voluson E8; GE Healthcare, Milwaukee, WI) using a transabdominal curved multifrequency volume transducer (real-time abdominal 4-8 MHz) and endovaginal multifrequency volume transducer (real-time intracavity 6-12 MHz). All measurements and images were captured in ViewPoint (GE Healthcare) and electronically transferred to the study's imaging data coordination center. Longitudinal measurements were taken for biparietal diameter (BPD) (outer to inner), humerus length (HL), and femur length (FL) using the linear function and for head circumference (HC) and abdominal circumference (AC) using the ellipse function, with the intent of creating separate standards for each parameter. EFW was computed from HC, AC, and FL using a Hadlock formula. 20 We also calculated the HC/AC ratio as an index of proportionality.
Statistical analysis
In the descriptive analysis, baseline and clinical data were compared for participants by women's self-reported race/ ethnicity. Significance (P < .05) was determined using c 2 or t tests for categorical and continuous data, respectively. All serial ultrasound data were used to estimate fetal growth relative to individual parameters, EFW and birthweight. Ultrasonography measurements (BPD, HC, AC, HL, FL), HC/AC, and EFW were log-transformed to stabilize ajog.org
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variances across gestational ages and to improve normal approximations for the error structures. The primary analysis was performed using linear mixed models with cubic splines for estimating racial/ethnicspecific fetal growth curves for size, methods that accounted for the variation across individual fetuses. 21 Three-knot points (25th, 50th, 75th percentiles) were chosen at gestational ages that evenly split the distributions. Percentiles were estimated based on the assumed normal distribution of the random effects and error structure. Estimated curves (5th, 50th, and 95th percentiles) were determined across gestational age from the 15th to the 40th week and for each racial/ethnic group. For EFW and each individual anthropometric parameter, we tested for overall differences in the racial/ethnic-specific curves using a likelihood-ratio test. When the global test was significant (<.05 level), we tested for week-specific differences by race/ethnicity using Wald tests at each week of gestation. These tests were conducted on the estimated curves with and without adjustment for maternal characteristics: age, self-reported height and pregravid weight, parity, full-time employment/student status (yes/no), marital status (married/living as married vs not), health insurance (private/ managed vs Medicaid/other), income, education, and infant sex (male/female). All covariates were treated as continuous unless otherwise stated. Annual income and education were analyzed categorically: income <$30,000, $30,000-39,999, $40,000-49,999, $50,000-74,999, $75,000-99,999, !$100,000; and education <high school, high school or equivalent, some college or associate degree, bachelor degree, and master or higher degree. We used multiple imputation (with 20 imputations) to account for missing covariate information measurements when performing covariate-adjusted tests for week-specific racial/ethnic differences in the fetal growth curves. 22 We empirically assessed the validity of our statistical model to ensure it produced unbiased percentile estimates using simulation analysis, and compared different linear mixed models 
Fetal anthropometric measurements by race/ethnicity and gestation, NICHD Fetal Growth Studies
Distribution of fetal anthropometric measurements by race/ethnicity and gestation, Eunice Kennedy Shriver National Institute of Child Health and Human Development Fetal Growth Studiesesingletons. Estimated 5th, 50th, and 95th percentiles for fetal anthropometric parameters by self-reported race/ ethnicity, as estimated from linear mixed models with log-transformed outcomes and cubic splines.
(ie, cubic splines, cubic polynomials, and second-order fractional polynomials) and individual-specific interpolation or smoothing methods. 23, 24 Lastly, to interpret findings in terms of clinical relevancy, we evaluated the degree of misclassification that would be introduced if the study-derived white standard was used for estimating fetal growth for all other racial/ethnic groups using methods grounded in normal probability theory. 25 All analyses were implemented using SAS (version 9.4; SAS Institute Inc, Cary, NC) or R (version 3.1.2; http://www.R-project.org).
RESULTS
Among the 2334 enrolled women, 597 (25%) were excluded from the standard resulting in 1737 women and fetuses available for analysis ( Figure 1 ). Of women, 7% (n ¼ 169) were lost to follow-up, while 356 (20%) were excluded for pregnancy complications or 4% (n ¼ 72) for neonatal complications. Few significant differences were observed between indications for exclusion and race/ethnicity. Asian women were more likely to decline continued participation and to develop gestational diabetes, while black women developed more hypertension in pregnancy, and white women experienced more placental/umbilical cord complications in comparison with other racial/ethnic groups (data not shown).
Characteristics of women retained in the standard by race/ethnicity are presented in Table 1 . Mean (AESD) ages ranged from 25.5 AE 5.4 years for black to 26.9 AE 5.4 years for Hispanic, 30.3 AE 4.3 years for white, and 30.5 AE 4.4 years for Asian women, though all SD overlapped. A slight excess of white and Asian women were nulliparous in comparison with black and Hispanic women. Even within the proscribed BMI range, black women tended to be taller and heavier, while Hispanic women were shorter and heavier, and Asian women were shorter and lighter than their respective counterparts. Most women were not using contraception at the time of conception, and most were married and held jobs. Figure 2 presents the curves for EFW that include the 5th, 50th, and 95th percentiles. The curves differ significantly by race/ethnicity starting at 16 weeks' gestation extending to delivery (global test P < .001). At 32 weeks, representing a time when an obstetrical ultrasound might be obtained to evaluate fetal growth, the 5th, 50th, and 95th EFW percentiles were 1615, 1958, and 2374 g for white; 1523, 1877, and 2313 g for Hispanic; 1514, 1836, and 2228 g for black; and 1508, 1831, and 2222 g for Asian fetuses, respectively (P < .001). At approximately full term (39 weeks), 5th, 50th, and 95th percentiles for EFW were 2790, 3505, and 4402 g for white; 2633, 3336, and 4226 g for Hispanic; 2621, 3270, and 4078 g for Asian; and 2622, 3260, and 4053 g for black fetuses (P < .001). Figure 3 presents the distribution of racial/ethnic-specific curves for AC, BPD, HC, HL, FL, and HC/AC, along with P values for the differences in Figure 4 . Differences in AC paralleled EFW with the largest circumferences for whites and the lowest for blacks beginning at 16 weeks' gestation through term. Significant differences in HC were detected at 21 weeks (in descending order): whites, Asians, Hispanics, and blacks (all pairwise comparisons were highly significant except between Asians and Hispanic groups). BPD demonstrated significant ajog.org ajog.org 43  45  52  60  63  65   13  55  57  59  68  78  82  84   14  72  73  76  88  101  105  108   15  92  94  98  113  129  135  138   16  116  119  124  143  164  170  175   17  146  150  156  179  205  213  219   18  181  186  193  222  255  265  272   19  222  228  237  273  313  325  334   20  271  278  289  332  381  396  407   21  327  335  349  401  460  479  491   22  391  401  417  479  551  573  588   23  464  476  495  569  654  681  698   24  546  560  583  671  771  803  824   25  638  655  682  785  903  940  964   26  741  760  791  911  1050  1092  1121   27  854  876  912  1052  1212  1262  1295   28  977  1003  1045  1205  1391  1449  1487   29  1111  1141  1188  1373  1587  1653  1697   30  1255  1289  1343  1555  1799  1875  1926   31  1409  1447  1509  1750  2029  2116  2174   32  1571  1615  1686  1958  2276  2374  2441   33  1741  1790  1869  2178  2537  2649  2724   34  1914  1969  2058  2404  2809  2936  3021   35  2086  2148  2247  2634  3088  3230  3326   36  2254  2323  2432  2862  3368  3527  3635   37  2413  2489  2609  3084  3645  3822  3942   38  2562  2645  2777  3299  3918  4114 ajog.org ajog.org ajog.org 151  157  180  206  214  219   18  182  186  194  222  254  264  271   19  222  228  236  271  311  323  331   20  268  275  286  328  376  391  401   21  321  329  342  393  451  469  481   22  381  390  406  467  536  558  572   23  448  460  478  550  633  658  676   24  524  538  559  644  742  772  792   25  609  625  650  749  864  899  923   26  703  722  751  867  1000  1041  1069   27  807  828  863  996  1151  1199  1231   28  921  946  985  1139  1317  1372  1409   29  1044  1073  1118  1294  1498  1562  1604   30  1178  1210  1262  1463  1695  1768  1816   31  1321  1358  1416  1644  1908  1990  2045   32  1472  1513  1579  1836  2135  2228  2290   33  1629  1676  1749  2038  2373  2478  2548   34  1789  1841  1923  2244  2619  2737  2816   35  1948  2005  2096  2452  2868  2999  3087   36  2101  2164  2264  2655  3115  3259  3356   37  2249  2317  2427  2855  3359  3517  3624   38  2394  2468  2587  3054  3605  3779  3896   39  2541  2621  2751  3260  3863  4053  4182   40  2693  2781  2922  3479  4142  4352 ajog.org ajog.org ajog.org ajog.org ajog.org ajog.org 10  18  19  20  24  30  31  33   11  26  27  28  34  41  43  44   12  36  38  39  47  55  58  60   13  50  51  53  63  74  77  79   14  66  68  71  83  97  101  104   15  86  88  92  108  125  131  135   16  110  113  118  138  160  167  172   17  139  143  149  173  202  211  216   18  172  177  185  215  250  261  269   19  211  217  227  264  307  321  330   20  257  264  275  320  373  389  400   21  308  317  331  385  447  467  480   22  367  378  394  458  532  556  571   23  434  446  466  541  628  656  674   24  509  524  546  634  737  769  790 25 594 ajog.org ajog.org ajog.org differences later (27 weeks) in pregnancy through term, similar to the pattern for HC. Conversely, significant differences in HL were detected early (10 weeks) and remained significant through term, as did differences in FL from 10-39 weeks, with the longest lengths observed for black fetuses. The HC/AC ratio was significantly higher for blacks than other groups commencing at z15 weeks. Data for percentiles (3rd, 5th, 10th, 50th, 90th, 95th, 97th) for all anthropometric measurements, HC/AC, and EFW for each racial/ethnic group are presented in Table 2 . All pairwise comparisons between racial/ethnic groups for all measurements are presented in Table 3 . Racial/ethnic patterns for birthweight are similar to those for EFW as illustrated in Figure 5 . Neonates born to white women had the highest mean birthweight followed by those born to Hispanic, Asian, and black women (global test P < .001). A flattening of the curve is observed between 39-40 weeks, which was clearly demonstrated when the lowess curve was superimposed on the data suggesting it is not an artifact.
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Lastly, we evaluated the clinical implications of using our white standard for non-white fetuses, similar to the approach undertaken in the Hadlock reference. 20 Figure 6 illustrates the percentage of fetuses classified as being <5th percentile for EFW when using the white standard, which ranged from 5e15% across gestation. With the sole exception of black fetuses <18 weeks' gestation, substantially >5% of black, Hispanic, and Asian fetuses are classified as <5th percentile for EFW at all gestations. For example at 35 weeks' gestation, 14%, 12%, 15% of black, Hispanic, and Asian fetuses, respectively, would have been classified as <5th percentile based upon the white standard. Our findings remained even when using a pooled (all races combined) reference (data not shown).
COMMENT
The findings from the NICHD Fetal Growth Studies suggest significant differences in fetal growth among different racial/ethnic groups as exemplified by individual biometrics and EFW. The curves were estimated for singleton fetuses born at term to low-risk mothers without pregnancy complications or neonatal conditions that could affect fetal growth. Such pregnancies are presumed to support optimal fetal growth unconstrained by environmental factors and constrained only by the limitations of maternal metabolism and the intrauterine environment. 26 Thus, our observed racial/ethnic differences primarily reflect maternal intrinsic characteristics such as age and height, possibly as shaped by evolutionary processes. 26 Distinct patterns emerged from these data with regard to the timing and duration of observed differences for the various ultrasonographic measurements, which are generally consistent with the recognized patterns of timing in growth velocity. 27 We observed the earliest racial/ethnic-specific differences for HL and FL, which were longer for black fetuses in comparison with others. By 16 weeks' gestation, racial/ethnic-specific differences were observed for AC and EFW. In contrast to the long bones, these measurements were largest in white and smallest in black fetuses. Other notable differences included HC and BPD commencing at 21 and 27 weeks, respectively. Of particular note were the similarity of fetal growth curves for EFW to birthweight distributions by gestational age, with higher estimated and measured weights for white and Hispanic, and lower weights for Asian and black fetuses/neonates. Our finding that the white standard overestimates the percentage of nonwhite fetuses <5th percentile agrees with recent findings from a prospective study of fetal growth for 3 racial groups in Papua New Guinea. 28 Despite the lowrisk status of the pregnant women followed with serial ultrasonography for EFW and birthweight, use of the Hadlock formula (Caucasian) or Congolese standard 14 overestimated the percentage of Papua New Guinea fetuses considered <10th percentile.
Our inability to substantiate a single standard for fetal growth, particularly in the third trimester when fetuses undergo active clinical surveillance for growth deviations associated with maternal complications, 29 underscores the potential for inappropriate classification of fetuses and antenatal testing and/or delivery. While our findings are consistent with other countries' assessment of racial/ethnic or regional differences in fetal growth, 13, 14, 30 they differ from the assumption of the INTERGROWTH-21st Project. This study recruited low-risk pregnant women from 8 geographically diverse populations and pooled ultrasonographic data to construct a single standard predicated on no assumed differences in crown-rumplength, HC, and neonatal length. 31, 32 However, as recently reported, even a small difference in the distribution between sites has a large effect on estimating percentiles (eg, 5th or 95th centile). 25 These reported calculations showed a similar degree of misclassification as seen in our results.
Instead of presupposing no racial/ ethnic differences, we considered that fetal dimensions could vary even in early pregnancy, as we found for FL and AC, consistent with adult racial/ethnic differences in size and proportion. While we observed little variation by race/ ethnicity for BPD early in pregnancy, highly significant differences are detectable in HC by about 21 weeks' gestation and remained until delivery even in adjusted analyses. The ratio of HC/AC generally declines over gestation as expected, but the differences in trajectories demonstrate that there are significant differences in proportions by racial/ ethnic group that should be considered in the evaluation of growth restriction.
Our findings also corroborate previously reported geographic differences in neonatal growth phenotypes, 33 and multiethnic differences in neonatal body composition within an established population where neonates from low-and middle-income countries were relatively "thin-fat" in comparison to neonates from Western Europe. 34 However, caution is needed when interpreting our findings in light of the many complexities underlying racial/ethnic definitions, including the continually changing nature of the self-identified race construct and the phenotypic heterogeneity within broad racial/ethnic groups. Still, this is the construct used clinically in the management of pregnant women, and self-identification is the approach used for census and research purposes. 35 Our findings are strengthened by our standardized protocol implemented at 12 different US clinical sites accompanied by a high completion rate and use of an extensive credentialing protocol for participating sonographers (who had a mean of 12 years of obstetrical ultrasonographic experience). In addition, we undertook concerted effort to validate our modeling approaches in developing the standards. Our exclusion of 25% of women no longer low risk is consistent ajog.org
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